Variegated plants provide a valuable tool for studying chloroplast biogenesis by allowing direct comparison between green and white/yellow sectors within the same leaf. While variegated plants are abundant in nature, the mechanism of leaf variegation remains largely unknown. Current studies are limited to a few mutants in model plant species, and are complicated by the potential for cross-contamination during dissection of leaf tissue into contrasting sectors. To overcome these obstacles, an alternative approach was explored using tissue-culture techniques to regenerate plantlets from unique sectors. Stable green and pale yellow plants were developed from a naturally variegated Epipremnum aureum 'Golden Pothos'. By comparing the gene expression between green and pale yellow plants using suppression subtractive hybridization in conjunction with homologous sequence search, nine down-regulated and 18 up-regulated genes were identified in pale yellow plants. Transcript abundance for EaZIP (Epipremnum aureum leucine zipper), a nuclear gene homologue of tobacco NTZIP and Arabidopsis CHL27, was reduced more than 4000-fold in qRT-PCR analysis. EaZIP encodes the Mg-protoporphyrin IX monomethyl ester cyclase, one of the key enzymes in the chlorophyll biosynthesis pathway. Examination of EaZIP expression in naturally variegated 'Golden Pothos' confirmed that EaZIP transcript levels were correlated with leaf chlorophyll contents, suggesting that this gene plays a major role in the loss of chlorophyll in the pale yellow sectors of E. aureum 'Golden Pothos'. This study further suggests that tissue-culture regeneration of plantlets from different coloured sectors of variegated leaves can be used to investigate the underlying mechanisms of variegation.
Introduction
Variegated plants are an ideal model for the study of chloroplast biogenesis because they have both green and white/yellow sectors on the same leaf, which can be used to compare differential gene expression directly and also for protein profiling in order to understand the co-ordinated expression of nuclear and organelle genes during chloroplast biogenesis (Sakamoto, 2003; Yu et al., 2007) . Recent studies on variegated mutants of Arabidopsis such as immutans (im) (Aluru et al., 2001) , yellow variegated 1 (var1) (Sakamoto et al., 2002) and yellow variegated 2 (var2) (Chen et al., 2000; Takechi et al., 2000) , tobacco variegated and distorted leaf (vdl) (Wang et al., 2000) , tomato ghost (gh) (Josse et al., 2000) , as well as monocot barley albostrians (Yaronskaya et al., 2003) and maize yellow stripe 1 (ys1) (Curie et al., 2001) have demonstrated that variegated mutants are invaluable materials for studying the mechanisms of plastid and chloroplast development and maintenance.
In the variegated leaves, the white/yellow sectors are viable cells that contain undifferentiated chloroplasts (Kato et al., 2007) . The defects in the white/yellow sectors do not appear to interfere with proper chloroplast development in the green sectors. When examining individual cells, only one type of plastid is observed in each cell, either normal chloroplasts or abnormal plastids. A mixture of plastid types in a single cell is rare (Wetzel et al., 1994) , indicating that the cell is programmed by certain factor(s) at an early stage either to have normal chloroplasts or undeveloped plastids. Two general scenarios have been proposed to explain leaf-variegation (Wetzel et al., 1994; Yu et al., 2007) . In the first case, cells in the green sectors consist of the wild-type genotype whereas cells in the white/yellow sectors consist of a mutant genotype expressing a mutant phenotype based on several possible mechanisms that include transposable element activity, RNA silencing, and mutations in the nuclear, mitochondrial, or chloroplast genome. In the second case, both green and white/yellow sectors have cells with mutant genomes, but compensation mechanisms exist that allow near normal chloroplast development in cells within the green sectors. Known examples of such compensation leading to leaf variegation are the Arabidopsis mutants var2 (Chen et al., 2000; Yu et al., 2004) and im (Wu et al., 1999) where green sectors develop in cells that accumulate threshold levels of a key component in chloroplast development. Thus, the leaf variegation phenotype may originate from different underlying mechanisms that interact with chloroplast development. Each mutant offers potentially new insights into the complex processes leading to chloroplast formation, and this argument is the basis for expanding studies of leaf variegation to include additional plant systems for comparison studies to resolve the mystery of programmed plastid types.
Variegated plants are widely present in nature, but few of them have been selected for molecular studies because in only a limited number of cases, such as Arabidopsis or other model plants, is there sufficient genetic and molecular information available. Many current studies focus on variegated Arabidopsis mutants, but are limited by the number of mutants having a variegated phenotype (Yu et al., 2007) . Another challenge is the difficulty of dissecting the green and white sectors from variegated Arabidopsis leaves for protein profiling and gene expression studies because of their small leaf sizes (Kato et al., 2007) . Studies of a few variegated mutants have provided novel insights into the mechanisms of chloroplast biogenesis (Yu et al., 2007) , but these results are far from sufficient to understand the complex interactions of as many as 3500 chloroplast proteins encoded by both nuclear and chloroplast genes (Peltier et al., 2002) . Therefore, it would be interesting to know whether previously uncharacterized variegated species can be used for the investigation of chloroplast biogenesis with current techniques.
'Golden Pothos' (E. aureum), a naturally variegated ornamental foliage plant (Chen et al., 2005) , is native to Southeast Asia and the Solomon Islands (Huxley, 1994) . It flowers rarely and there is very limited genetic information available. Green, pale yellow, and variegated lines were created by tissue culture (Hung and Xie, 2009) . Regenerated plants from contrasting tissue types were subjected to suppression subtractive hybridization (SSH) (Diatchenko et al., 1996) to identify differentially expressed genes. Using cDNA SSH between regenerated pale yellow and green plants, nine down-regulated and 18 up-regulated genes in pale yellow plants were isolated. By comparing green and pale yellow sectors in naturally variegated leaves, expression of the EaZIP, a homologue gene encoding Mg-protoporphyrin IX monomethyl ester (MPE) cyclase, was identified as a factor that may contribute to the yellow sector formation.
Materials and methods

Plant material preparation
Methods for regenerating plantlets from tissue culture of E. aureum 'Golden Pothos' and maintaining all regenerated plants in a growth chamber or greenhouse were the same as those reported previously by Hung and Xie (2009) .
Transmission electron microscopy (TEM) analysis
Leaves were cut into 1 mm 3 blocks and fixed in 3% glutaraldehyde in 0.05 M KPO 4 buffer, pH 5.8 at 4°C. Samples were post-fixed in 2% OsO 4 in the same buffer in the dark at 4°C. After dehydration with a graded series of ethanol, they were infiltrated and embedded with Spurr's resin (Ladd Research Industries). Samples were sectioned by an LKB NOVA ultramicrotome (Leica Microsystems) and placed onto 200-mesh grids. The grids/block were then stained with a 4% aqueous uranyl acetate in the dark at 25°C followed by three distilled water washes (40°C) and 1 min in Reynold's lead citrate followed by three more distilled water washes. All sections were observed under a JEOL JEM 100S transmission electron microscope. Images were captured using Kodak 4489 EM film. After developing, the film was scanned at 1200 dpi on an Epson Perfection 4870 Photo Scanner, inverted and adjusted for printing using histogram stretch and gamma software functions.
Measurement of chlorophyll and MPE
For extracting chlorophyll, samples were resuspended in acetone as described in Hung and Xie (2009) . For MPE analysis, previously published procedures (Tottey et al., 2003; Pontier et al., 2007) were adopted with some modifications. Leaves, treated with 10 mM 5-aminolevulinic acid (ALA) hydrochloride (MP Biomedicals) or control solution, were collected and ground in liquid nitrogen under dim light. Each 50 mg of powder was immediately resuspended in 375 ll of acetone:25% NH 4 OH (9:1 v/v) and centrifuged at 4°C. To remove carotenoids and chlorophylls, the supernatant was diluted with 750 ll of acetone buffer and extracted with 750 ll of hexane. After centrifugation at room temperature, the lower acetone layer was collected and directly subjected to fluorescence analysis at an excitation of 420 nm and an emission peak around 595 nm was recorded under a LS-55 Fluorescence spectrometer (PerkinElmer) controlled by a software program, FL WinLab (PerkinElmer). For HPLC analysis (LC 1200 series, Agilent), the lower acetone layer was first evaporated to almost dryness under nitrogen gas, then the dry pigments were resuspended in methanol containing 2 mM KOH. Protoporphyrin IX, magnesium protoporphyrin IX, and MPE (Frontier Scientific) were used as standard pigments. Pigments were separated by chromatography on a 3.03100 mm (3.5 lm) XTerra Ò MS C18 column. The mobile phase consisted of two solvents: A (0.010 M NH 4 HCO 3 in water) and B (acetonitrile). The pigments were eluted with a linear gradient from 10% to 95% B over 10 min. Injection volume was 60 ll and flow rate was 0.500 ml min À1 . The eluate was monitored with a photodiode array detector in the detection wavelength of 420 nm.
RNA isolation RNA samples were prepared using Qiagen RNeasy Ò Plant Mini kit (Qiagen). All samples were treated with DNase I (Qiagen) to remove any possible DNA contamination. RNA samples were quantified by a spectrophotometer and visualized on a 1.2% agarose gel as described in Hung and Xie (2009) .
Suppression subtractive hybridization (SSH) SSH was performed using the Clontech PCR-Selectä cDNA Subtraction Kit (Clontech). All procedures were done according to the manufacturer's recommended protocol except the first strand cDNA was synthesized by SuperScriptä II Reverse Transcriptase (Invitrogen) combined with oligo(dT) primer (Clontech). For the forward subtraction, cDNAs from pale yellow tissues were the driver, and for the reverse subtraction, cDNAs from green tissues were the driver. After enrichment by the primary and secondary PCR using Advantage PCR polymerase (Clontech), the PCR products were ligated into pCR Ò 2.1 vector of the TA cloning kit (Invitrogen) at 14°C for 16 h. The ligation product was then transformed into Top10 competent cells (Invitrogen). All positive colonies were collected and analysed by PCR using M13 reverse (5#-CAGGAAACAGC-TATGACCAT-3#) and forward (5#-GTAAAACGACGGCCAG-TGA-3#) primers. The inserted sequences with size greater than 250 bp were sequenced by MWG Biotech Inc. They were used to search against all non-redundant GenBank protein databases using program BLASTX (Altschul et al., 1997) with the e-value cut off set at 1e-05. DNA sequences of all unique clones were subjected to nucleotide sequence search. Sequence alignment was done by a web-based tool, ClustalW2, from the European Molecular Biology Laboratory, European Bioinformatics Institute. The sequences reported in this paper have been deposited in GenBank with the accession nos. FJ666043 to FJ666051 for nine down-regulated genes and GO924845 to GO924862 for 18 upregulated genes.
5#-RACE PCR
The 5# cDNA sequence of EaZIP was obtained using SMARTä RACE cDNA Amplification kit (Clontech). The only modification was using SuperScriptä II Reverse Transcriptase (Invitrogen) to synthesize first strand cDNA. EaZIP specific primer EaZIP RACE3 (5#-GGGATAGACTTGGAATTCAGGGTTGGC-3#) was paired with the Universal Primer Mix (UPM) included in the kit to amplify the 5# end of cDNA. PCR products were first ligated to pCR Ò 2.1 vector and then transformed into Top10 Cells. Plasmid DNA was isolated using QIAprepÒ Spin Miniprep kit (Qiagen) and sequenced as described above.
qRT-PCR and RT-PCR For qRT-PCR, total RNAs from three independent green and three independent pale yellow plants, including the same tissue line used in SSH, were prepared separately. Equal amounts of RNA were used to synthesize first-strand cDNA by MultiScribeä Reverse Transcriptase and random primers (Applied Biosystems). The cDNAs were amplified by Power SYBR Green PCR Master mix (Applied Biosystems) and specific primers (see Supplementary  Table S1 at JXB online) which were designed using Primer Express 3.0 software (Applied Biosystems). Both PCR reactions and fluorescence signal detections were performed under a platform of the 7500-Fast Real-Time PCR system (Applied Biosystems). Each sample was assayed in triplicates. Data of three independent biological samples were averaged. The calculation of Ct value was based on Pfaffl (2001) . The DCt was a relative expression level compared to the 18S rRNA in the same sample. The fold change of transcript abundance between green and pale yellow plants was calculated by comparing their DCt value. Each difference of DCt value represents a 2-fold change.
For RT-PCR, the first strand cDNA was made by SuperScriptä II Reverse Transcriptase using random primers, and PCR reaction was carried out by Taq DNA polymerase (Sigma) and specific primers: EaZIP primers are EaZIPcDNAF 5#-ACGAAGGCTA-GGCAGTACAC-3# and EaZIPcDNAR 5#-CAGAGACTAGTG-CTGCGATG-3#; EaF156 primers are EaF156cDNAF 5#-GGT-GTTGTCTCAGCTGCAGA-3# and EaF156cDNAR 5#-ACA-TGGGAGGCATGCTGCTG-3#. The QuantumRNAä 18S Internal Standard (Ambion) was used as the endogenous standard.
Protein isolation and immunoblotting analysis
Total proteins from mature leaves of regenerated 'Golden Pothos', tobacco, and Arabidopsis were isolated using the Plant Total Protein Extraction kit (Sigma). About 100 mg of leaf tissue was first disrupted by grinding in liquid nitrogen and followed by the methanol washes. Proteins were then precipitated in acetone at -20°C for 5 min followed by centrifugation at 16 000 g for 5 min. To solubilize the proteins, each milligram of dried pellet was incubated with 4 ll of Reagent Type 2 Working Solution at 25°C for 15 min. After centrifugation at 16 000 g for 30 min, the supernatant was collected and the protein concentrations were determined by the Bradford method using the Bio-Rad protein assay reagent (Bio-Rad). Protein samples were mixed with 13 sample buffer (Invitrogen) containing 50 mM dithiothreitol. After heating at 70°C for 10 min, samples were analysed on a NuPAGE 4-12% Bis-Tris mini-gel (Invitrogen) running in MES SDS running buffer (Invitrogen) under 200 V for 35 min. For immunoblotting, proteins were transferred onto a PVDF membrane (Bio-Rad) in 13 transfer buffer (Invitrogen) under 30 V for 2 h. Membrane was then blocked with 10% dry milk in 13 20 mM Tris-buffered saline with 1% Tween 20 for 1 h before incubating with primary antibodies: anti-MPE cyclase (CRD1) (1:3000), anti-Rubisco large subunit (RbcL) (1:50 000) and anti-Plastocyanin (PC) (1:50 000) (Agrisera). The primary antibodies were detected by secondary antibody Goat anti-Rabbit IgG horseradish peroxidase conjugate (Jackson ImmunoResearch Laboratories) and followed by incubation with SuperSignal Ò West Pico Chemiluminescent substrate (Thermo Scientific). The luminescent signal was captured by Kodak Biomax light film (Kodak). The blot was then stained with 0.2% (w/v) Amido Black (MP Biomedicals) in 10% (v/v) acetic acid to visualize total proteins.
Element analysis
Mature leaves that were subjected to element analysis were first dried in a 75°C oven for 48 h and then ground into fine powder with a mortar and pestle. Total P, K, Ca, Mg, Cu, Fe, Mn, Zn, and Na concentrations were determined by inductively-coupled plasma (ICP) spectrometry conducted by the Analytical Laboratory Service at North Carolina State University and the Agronomic Division of the North Carolina Department of Agriculture and Consumer Services. All three types of regenerated plants were analysed each time with two independent biological samples. Data of three sets of experiments were subjected to statistical analysis using t test assuming equal variance.
Results
Characterization of regenerated plants
The pale yellow, green, and variegated leaves were examined previously under a light microscope and it was found that yellow leaves predominantly had colourless plastids while variegated leaves had several different types of chloroplasts (Hung and Xie, 2009) . To examine these different types of chloroplasts in greater detail, TEM was used to observe their differences (Fig. 1) . TEM observation showed that those chloroplasts present in leaves from green plants had typical thylakoids and grana structures (Fig. 1A) . In leaves of yellow plants, cells contained plastids with undeveloped internal membrane structures (Fig. 1B ) very similar to prolamellar bodies often seen in the early stage of etiolated cotyledons when exposed to light. A similar structure was observed in plastids of the white sector of var2 mutant (Sakamoto et al., 2009) . In the leaves of variegated plants, a type of chloroplast was found which was light green in colour and had loose stacks of grana thylakoids (Fig. 1C) , a characteristic similar to Xantha-f 60 mutants deficient in magnesium chelatase (Von Wettstein et al., 1995) . This type of chloroplast seems to represent most of the chloroplasts found in those variegated leaves. No obvious difference of nuclei or mitochondria was observed between cells of the green and pale yellow leaves (Fig. 1D, E) .
Although pale yellow plants do not have normal chloroplasts, they can be maintained and propagated on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) , and no colour change has been found after one year. Moreover, the leaf and petiole segments from pale yellow plants could be used efficiently to induce pale yellow callus and adventitious shoots ( Fig. 2A) as those from green ( Fig. 2B ) and previously reported variegation plants (Hung and Xie, 2009) . The results fully indicated that cells of pale yellow plants are viable and capable of differentiation and proliferation.
Because leaf chlorosis can be indicative of nutrient deficiency (Bloom, 1998) , the contents of the nine elements found most commonly in plants were examined by ICP spectrometry in order to diagnose whether differences in nutrient availability contribute to the pale yellow colour and variegation (Fig. 3) . The results showed that only Ca, Mg, and Mn were significantly lower (P <0.05) in pale yellow plants compared to green plants, whereas the other six elements had similar levels. As for variegated plants, the levels of Ca, Mg, and Mn were slightly reduced, but not significantly different from the levels found in green plants (P >0.15). Considering the fact that all regenerated plants were grown on the same MS medium and transferred to fresh medium every month, the low contents of Ca, Mg, and Mn in pale yellow plants were probably not caused by nutrient deficiencies.
SSH reveals differentially expressed genes in pale yellow plants
In order to discover genes that might be involved in forming variegation, SSH was used to identify differential transcript abundance between green and pale yellow plants. From the subtracted libraries, about 1000 colonies were picked and checked by PCR analysis using M13 primers. A total of 432 colonies with inserted sequences of 250 bp or greater were sequenced, and 113 unique genes were present in forward hybridization representing transcript abundance in green plants; 39 of those were present in reverse hybridization representing transcript abundance in pale yellow plants.
QRT-PCR was used to confirm further whether these genes were indeed differentially expressed. This confirmation was carried out using plants generated from multiple cultures to represent better the differences between green and pale yellow plants, including the same culture used to generate subtraction libraries. The results showed that a total of nine genes were down-regulated in pale yellow plants with fold changes greater than two (Table 1) . Seven of them were nuclear genes while two had no significant match from a GenBank search. Among them, the EaZIP had more than 4000-fold less transcripts in pale yellow plants than in green plants, and virtually no detectable signal was found in pale yellow plants in RT-PCR analysis (Fig. 4) . The EaF156 that had a reduced transcript level of 6.2-fold in pale yellow plants was also confirmed by RT-PCR analysis (Fig. 4 ). There were 18 subtracted cDNA clones that were more abundant in pale yellow plants with fold changes greater than two (see Supplementary Table S2 at JXB online). Surprisingly, all of them were to be found similar to chloroplast genes or non-coding regions in the chloroplast genome, and none of them was a nuclear gene. By nucleotide sequence comparison of 18 cDNA clones to available chloroplast genomes, the results showed that one clone (R61) contains only an intron sequence and two clones (R71 and R106) contain only an intergenic region while R18, R30, and R34 clones contain both partial exon and intron. It is not clear why these clones are abundant in pale yellow plants. Because the precursor RNAs of higher plant chloroplast genes need to undergo a series of processing events to become mature mRNA (Monde et al., 2000) , these results may suggest at least some of these 18 cDNA clones were products of either an alternative splicing or an unusual transcription. Why these RNA products are abundant or sustained longer in yellow plants than in green plants will need to be investigated further.
EaZIP is a homologue of tobacco NTZIP, encoding MPE cyclase
The EaZIP transcript was uniquely undetectable in pale yellow plants. Results from sequence searches (Table 1) indicated that the EaZIP is highly homologous to the tobacco NTZIP, which encodes MPE cyclase, a key enzyme responsible for converting MPE into divinyl protochlorophyllide a in chlorophyll biosynthesis (Liu et al., 2004) . To verify further whether EaZIP is a homologue of NTZIP, a full-length EaZIP gene from regenerated green plants was obtained using 5#-RACE PCR. The deduced amino acid sequence of EaZIP revealed an 86% identity to the tobacco NTZIP, 84% to the Arabidopsis CHL27 (Tottey et al., 2003) and 60% to the Chlamydomonas reinhardtii CRD1 (Moseley et al., 2000) (Fig. 5) . The NTZIP, CHL27, and CRD1 have all been characterized and are known to encode MPE cyclase (Moseley et al., 2000; Tottey et al., 2003; Liu et al., 2004) . The major features of the MPE cyclase, both the diiron binding sites and leucine zipper domain, were highly conserved among EaZIP and other MPE cyclases (Fig. 5) .
Using an antibody specific for C. reinhardtii CRD1 protein, bands around 40 kDa molecular weight were detected in total protein extracts of regenerated green Fig. 2 . Regeneration of callus and shoots from regenerated pale yellow and green plants. A new shoot regenerated from callus derived from a pale yellow explant (A) and a new shoot regenerated from callus derived from a green explant (B). Scale bar¼2 mm. Fig. 3 . Analysis of element contents in regenerated plants. An equal amount of dry leaves from green (G) (in light grey), variegated (V) (in dark grey), and pale yellow (PY) (in black) regenerated plants were analysed. Data shown here are the percentages of contents compared to that in green leaves (as 100%). Data represent an average of three independent experiments 6standard deviation. The asterisks indicate that those differences are significant (P <0.05).
'Golden Pothos' plants, Arabidopsis, and tobacco, but none was detected in any pale yellow plants (Fig. 6) . Conversely, two antibodies specific for chloroplast proteins, RbcL and PC, demonstrated a similar detection level between pale yellow and green plants (Fig. 6) . These results indicated the presence of chloroplast proteins in the pale yellow plants. Lack of cross reaction of anti-CRD1 is due to lack of EaZIP-encoded product. This further supports that the EaZIP-encoded product is a homologue of CRD1.
Results from barley mutants (Rzeznicka et al., 2005) have shown that mutants Xantha-l 81 and Xantha-l 82 defective in MPE cyclase exhibited a yellow phenotype. The substrate of the MPE cyclase, MPE, was also accumulated when these mutants were fed with ALA, the first committed intermediate of the porphyrin synthesis pathway. To show that the pale yellow plants with reduced levels of EaZIP expression lack functional MPE cyclase, an ALA feeding experiment was carried out to detect any accumulation of MPE. Both green and pale yellow tissues were first incubated with ALA solution in the dark and then the treated leaves were subjected to acetone extraction. By adding hexane into the acetone extracts, the green chlorophylls were partitioned into the hexane layer and removed. Fluorescence analysis of the acetone extracts revealed a single emission peak at 595 nm with an excitation set at 420 nm in the ALA-treated pale yellow tissues, but not in green tissues (Fig. 7A) . The HPLC separation further indicated that MPE was the main chlorophyll biosynthesis intermediate accumulated only in ALA-treated pale yellow tissues (Fig. 7B, C) . This result indicated the MPE cyclase function was lost in pale yellow plants and further support that the EaZIP-encoded product is a MPE cyclase.
The transcript level of EaZIP was reduced in all yellow parts of naturally variegated 'Golden Pothos'
To confirm that the low expression of EaZIP isolated by SSH is involved in the variegation of 'Golden Pothos', three types of variegated leaves with different degrees of yellow colours, i.e. pale yellow, yellow, and variegated ( Fig. 8A-C) were selected. From each type of leaf, different colour sectors on the same leaf were separated to compare their EaZIP expression levels by RT-PCR and chlorophyll contents. Results showed that yellow sectors from all three types of plants have lower EaZIP transcript levels compared with those of their green counterparts (Fig. 8D) . Also the expression level of EaZIP in pale yellow was undetectable and much lower than those of yellow and variegated sectors (Fig. 8D) . To show that the EaZIP gene expression is correlated with chlorophyll contents, chlorophyll in different sectors was also examined. The total chlorophyll a and b of pale yellow, yellow, and variegated leaf sectors were 0.55, 0.62, and 1.28 mg g À1 fresh weight, which were all lower than their green counterparts of 7.76, 5.41, and 4.70 mg g À1 , respectively (Table 2) . Taking all the above results together, it was concluded that the EaZIP expression level of each sector correlates to its chlorophyll content, suggesting that EaZIP level may contribute to the variegation formation.
Discussion
Plant tissue culture provides to each cell the potential to regenerate into a new plant. Use of tissue culture techniques to separate cells from variegated leaves and further regenerate plants is a new approach for studying variegated plants that avoids the problems associated with directly dissecting different coloured sectors. Both green and pale yellow regenerated plants could be stably maintained on MS medium Fig. 4 . RT-PCR of selected cDNA clones identified by SSH. Equal amounts of total RNA used to make first strand cDNA were isolated from green (G) and pale yellow (PY) regenerated plants. PCR reactions were carried out using specific primers designed to target two SSH identified clones, EaZIP and EaF156. 18S rRNA was used as an internal control. DDCt) . The DDCt value is determined by the differences in the DCt between pale yellow and green plants. The negative fold changes mean the pale yellow plants have reduced transcript abundance. e-Value reflects the statistically significant similarity of our novel sequences to the best matched results. for over a year (Hung and Xie, 2009) , indicating that the fate of chloroplast development was determined at the early stage of cell division in the original source plant as suggested previously (Sakamoto, 2003) , and these regenerated green and pale yellow plants are genetically stable. With this method, the cross contamination problem can be avoided when plant materials are prepared for comparative studies. Although variegated 'Golden Pothos' has not been studied previously at the molecular level, SSH and sequence homology searches were successfully combined to isolate and identify a group of differentially expressed genes, including a major gene, EaZIP. Overall, the results suggest that previously uncharacterized variegated species can be utilized for the study of chloroplast biogenesis with current techniques and available nucleotide sequence information.
The cells of regenerated pale yellow plants are viable
It has been reported that cells of the white sectors in var2 variegated leaves are viable and have undifferentiated plastids (Kato et al., 2007) . Using tissue culture, it was confirmed that cells of regenerated pale yellow plants from 'Golden Pothos' are viable. Firstly, not only can pale yellow plants be maintained on MS medium (Hung and Xie, 2009) , but their tissues can be used to produce callus and regenerate pale yellow shoots ( Fig. 2A) . The successful tissue culture with explants derived from pale yellow plants demonstrates that pale yellow cells are capable of growth and differentiation. Secondly, although the contents of Ca, Mg, and Mn were significantly lower (P <0.05) in pale yellow plants than in green plants, there is no general reduction in micronutrient content in pale yellow plants (Fig. 3) , suggesting that development of pale yellow cells was regulated to allow long-term viability. Thirdly, the TEM results also reveal a normal structure of nucleus and mitochondria (Fig. 1D, E ). All these results indicate that regenerated pale yellow plants are a stable system, which can be used for molecular and other comparative studies. Pigments were separated by HPLC. The eluate was monitored at 420 nm, the optimal detection for protoporphyrin IX (P), magnesium protoporphyrin IX (MP), and magnesium protoporphyrin IX monomethyl ester (MPE) (left). Spectral absorbance of the major eluate peak was measured from 200 to 600 nm (right). All peaks were compared to known standards relative to their retention times (left) and specific absorbance (right). (C) No peak was observed in extracts isolated from both without ALA-treated pale yellow and green tissues.
The role of EaZIP in 'Golden Pothos'
In this first study of 'Golden Pothos' at the molecular level, a group of differentially expressed genes was isolated using SSH to compare regenerated green and pale yellow plants. Among nine down-regulated genes (Table 1) , EaZIP was the only differentially expressed gene, which had no detectable expression level in pale yellow plants. It was confirmed that the EaZIP gene encodes MPE cyclase by independent approaches including deduced amino acid sequence alignment (Fig. 5) , anti-CRD1 immunoblot analysis (Fig. 6 ), and an ALA-feeding experiment (Fig. 7) . The RT-PCR results of naturally variegated plants further confirmed the importance of EaZIP involvement in variegation formation because the EaZIP transcript not only was absent in regenerated pale yellow plants (Fig. 4A ) but also was correlated with chlorophyll content ( Fig. 8D ; Table 2 ). Further research on the regulation of EaZIP expression may shed new light on the basis for variegation formation.
Whether down-regulation of the remaining eight genes is the result of downstream effects from low EaZIP expression remains unclear. A recent microarray comparison of green and white sectors in the im mutant revealed an array of genes involved in photosynthesis and carbohydrate metabolism that was repressed in white sectors (Aluru et al., 2009) . Comparing the list of genes with current results, only one gene, EaSBEIIb (E. aureum starch branching enzyme IIb), was found to be homologous to SBE2.1 (AT2G36390) and shared the same reduction level of about 3-fold. A similar reduction was also found in plants subjected to photobleaching using Norflurazon treatment (Aluru et al., 2009) , suggesting the reduction of EaSBEIIb expression is a consequence of lacking normal chloroplasts. From other microarray data comparison of gene expression profiles between the CHL27 knockout line (SALK_009052) and the wild type (Bang et al., 2008) , EaF156, encoding a protein product similar to ferric reductase, was reported in their list of repressed genes. The EaF156 gene also had a similar 6.2-fold reduction in their study (Bang et al., 2008) , suggesting that the reduction of EaF156 was probably a downstream effect of the low EaZIP. The cause of low expression levels of the remaining genes and the relationship between EaZIP and the other down-regulated genes requires further study.
Changes in EaZIP expression levels may contribute to the variegation formation Among a selection of various variegated 'Golden Pothos' leaves, the EaZIP transcript levels were correlated with the chlorophyll levels in leaf sectors exhibiting a range of variegation patterns ( Fig. 8 ; Table 2 ). One of the plausible explanations for the appearance of green sectors and yellow sectors in the same leaf is the differential EaZIP transcription activities between the cells of green and yellow sectors controlled by transcription factors. Two such transcription factors GOLDEN2-LIKE (GLK) (Waters et al., 2009) and NtbZIP (Yang et al., 2009) have been identified in higher plants. The former regulates a group of nuclear photosynthetic genes in Arabidopsis including CHL27 (Waters et al., 2009) while the latter specifically regulates the expression of NTZIP (Yang et al., 2009) . These factors may also be present in 'Golden Pothos' but requires future work to confirm.
Another plausible explanation is that the EaZIP transcripts may fail to accumulate or become unstable during an early stage of plastid development, leading to a loss of the MPE cyclase and resulting in the variegated phenotype. Previous work showed that antisense tobacco lines exhibited Table 2 . The comparison of chlorophyll (Chl) contents in green and yellow parts separated from three different variegated 'Golden Pothos' leaves shown in Fig. 8 Leaves were harvested from variegated plants grown in soil under the same controlled conditions. Data represent the average of three independent assays 6standard deviation. the variegated phenotype as the result of disrupting enzymatic activities of MPE cyclase (Liu et al., 2004) . In Arabidopsis, some CHL27 antisense lines also displayed a degree of variegation (Tottey et al., 2003) , in contrast to a T-DNA insertion line of the CHL27 promoter region that reduced the mRNA level but showed uniformly light green colour (Bang et al., 2008) . These differences between antisense (knockdown) and T-DNA insertion (knockout) lines support hypotheses that variegation is caused by factors that control the transcript abundance of genes involved in the chlorophyll biosynthesis pathway. Support for the second proposed explanation can be found in a survey of the literature that compares phenotypic differences between antisense and T-DNA insertion lines of chlorophyll biosynthesis pathway genes. From 22 reports that include results from four species, a pattern emerged relating transformation approach with the resulting phenotype (see Supplementary Table S3 at JXB online). All nine studies of T-DNA insertion lines reported either had an albino or a uniformly pale yellow or pale green phenotype. In contrast, variegated transgenic plants were found in 12 out of 13 studies where chlorophyll genes encoding eight enzymes were interrupted by antisense technology. For the one exception, it is not clear whether the antisense transgene was inserted into a chlorophyll biosynthesis gene causing the pale yellow colour phenotype instead of leaf variegation. These findings suggest that natural leaf variegation may be the result of regulating chlorophyll gene transcript levels by post-transcriptional mechanisms that mimic antisense technology. Post-transcriptional gene silencing by small RNAs (Hamilton and Baulcombe, 1999 ) is one possibility. Small RNAs and microRNAs that control EaZIP transcript levels may occur naturally in 'Golden Pothos'. To confirm the existence of such RNAs, further work will be required.
Supplementary data
Supplementary data are available at JXB online.
Supplementary Table S1 . Primer sequences for qRT-PCR. Supplementary Table S2 . Clones with abundant transcripts in pale yellow plants.
Supplementary Table S3 .
Chlorophyll-deficient patterns of transgenic lines with antisense or T-DNA insertion in chlorophyll a and b biosynthesis pathway genes in four species.
